Clinical guidelines provide recommendations in the form of applicable actions in a specific clinical context. Computer Interpretable Guidelines (CIG) aim to achieve guideline integration into clinical practice to increase health care quality. Analyzing the compliance with a CIG can facilitate the implementation and assist in the design of CIGs, but to help medical experts in the detection of patterns in the wealth of the data is a challenging task. We suggest an approach based on visual analytics, intertwining interactive visualization and automated data analysis i.e. analysis of compliance with a CIG. Our solution covers highlighting and abstraction for time-oriented patient parameters, and aggregation of repeatedly missing actions into intervals; in addition valid, invalid, and missing actions are represented visually. Furthermore, we discuss a case study showing how the applied techniques can assist in the detection of interesting patterns.
INTRODUCTION
Clinical Guidelines are developed on the basis of scientific evidence and aim to assist in the care process [24] . The application of guidelines in clinical practice, and their integration into information systems, that handle the patients' data, play a key role in order to increase the quality of health care and to support guideline design. Efforts have been made in the development of computer interpretable guidelines (CIG) [10] and in the visualization of patient data, but approaches combining both are still rare (see section 2). Analysis of compliance with CIGs and the subsequent visualization of the results of this process remains an open and seldom considered issue. According to Quaglini [22, p.161] , who defines compliance with a guideline as "acting according to the recommendations of a guideline", (non-)compliance plays an important role for the identification of possible reasons for implementation obstacles. Among these reasons there can be guideline quality, context, or user related issues. An important challenge is to make these huge amounts of available data accessible in an understandable visual way. The main contribution of this paper is an interactive visual exploration environment for the analysis of compliance with CIGs by providing:
• An action-based definition of compliance with three different types of actions.
• Visual abstraction of numerical values and highlighting of time points and intervals.
• Interval-based representation of repeatedly missing actions.
• Aggregated visual representation of compliance information.
At first we present the work related to our approach (section 2). Main design ideas of our approach are discussed in the beginning of section 3, followed by a short description of the example guideline, an outline of our action-based approach for compliance checking, and a detailed description of our solution for the visual representation of compliance information. We also discuss a case study conducted with a physician (section 4), and finally we provide a summary of our results and give an outlook to future work (section 5).
RELATED WORK
Our approach combines automatic data analysis (analysis of compliance with a CIG) with a visual representation of the analysis results within a unified view, in order to facilitate comparison of information about the patient, the guideline and CIG compliance. Various approaches exist for modeling CIGs, focusing on different tasks like guideline evaluation or decision support. Most of them use task networks models (TNM) and a formal definition of control flow and expression language [10] . We use a guideline formulated in Asbru, a plan representation language for the specification of computer interpretable guidelines [26, 28] . Asbru is intended to support tasks like guideline verification, validation, execution and critiquing. Asbru plans are composed of time-oriented skeletal plans, which are meant to be instantiated for a treatment. It allows the modeling of preferences (plan selection), intentions (goals of treatment), conditions (model transitions e.g., from active to completed) and effects (relationship between plan or action execution and parameters). Plans can be nested inside other plans and can be executed in parallel or sequentially, and can contain cyclical (repeating) plan activations. Actions are atomic plans, they do not contain any subpans.
Various approaches for checking compliance with a guideline exist. Advani et al. [1] identify different levels of guideline based plan critiquing. Compliance can be checked, for instance, on the level of actions that have been taken in an actual treatment. This can be done by comparing executed actions and prescribed guideline actions with each other. This is the chosen approach for this work. On a higher level of interpretation the intentions of the guideline can also be taken into account (compared to the patient state, the actions, or the physician's intention) [1] . Different approaches related to ours exist for checking compliance by comparison of prescribed actions with actual executed ones. Chesani et al. [7] distinguish between events (i.e. actions) that should have happened, and events that should not have happened in the execution according to a formal guideline specification. Exceptions about these events are checked against an execution log and violations can be reported. Lucas et al. [13, pp.20-21 ] define a more fine-grained classification scheme for non-compliant actions, consisting of "actions unsupported by patient findings", "conflicting actions", "non-compliant order of actions", and "missing mandatory actions".
Visualizing the content of guidelines depends on the tasks and the users' groups [2] . Glare [31] , for example, supports design and execution of guidelines by providing a flow chartlike visualization. AsbruView [17] shows temporal and hierarchical properties of Asbru guidelines with the help of 3D diagrams, and uses different metaphors for the plan components. Plan Strips focus on the hierarchical properties of plans by applying nested strips [25] . In our contribution we enrich a flow chart-like hierarchical plan structure view with compliance information, because this kind of visualization is especially suitable for showing aggregated information, and allows to give a quick overview (see section 3).
Visualization is commonly applied in the analysis of patient data, this data is often time-oriented and overwhelming in its amount. Dot plots are commonly applied for time-oriented data, notable examples are Graphical Summary of Patient Status [29] and CPDV [11] (and its sucessor MIVA [12] ). We integrate compliance information in similar visualizations for patient data. Other approaches apply multiple coordinated views for quantitative as well as qualitative patient data. VisuExplore [23] is an example of how to effectively combine various visualization methods for timeoriented data, such as bar charts and line plots together with event and time line charts for qualitative data. Chittaro [8] presents a system especially tailored for mobile devices with means to aggregate data using different time granularities and to combine multiple data sources into one view. Temporal data abstraction poses an important issue when dealing with medical data, as reference to a priori knowledge is often required to interpret numerical data correctly. Data abstraction can be seen as a mapping from low level data to higher level concepts [30] . VIE-VENT uses temporal abstractions adapted to the context and derives high level trend patterns [19] . Among systems that apply abstractions especially for visualization, are Knave-II [27] and Midgaard [4, 5] . Midgaard combines patient observation and treatment (plan) data, offers mechanism for semantic zooming, including data abstraction mapped to color in the lowest level of detail. Knave-II focuses on management and visual presentation of different abstractions for patient data. Abstractions classes are mapped to the vertical displacement of rectangles, whereas the horizontal length of the rectangles encodes the duration of time, during which the values fall into the same categorical class. We apply a similar visual abstraction technique for time-oriented numerical patient data to emphasize the guideline related context.
Compliance with a CIG and the data needed to check compliance are closely entangled with each other. Therefore we use highlighting to ease the identification of valid and invalid action time points and intervals, during which the application of an action is missing, inside patient parameter views. Applying highlighting and coloring in these manner can be considered as event visualization [9] , including means for the detection and representation of events. EventViewer [6] is an approach using colored bars in order to mark time related events and allows rearrangement and organization of multiple coordinated views. Eventflow [20] visualizes aggregations of multiple event patterns with vertical bars (representing time points and intervals).
CareCruiser [14] aligns views for patient observations and actions executed during treatment on a common time-axis. It combines views for patient observations, treatment and CIG data. A major feature is the color-coded highlighting allowing to encode different information, i.e. distance to the intended value, progress from the initial value and slope between values. Furthermore, it provides views to inspect the structure and semantics of the related guideline. CareVis [3] , the predecessor of CareCruiser, was the first tool to combine views for observation, treatment, and guideline data in this manner.
We selected CareCruiser as foundation for our extensions, because in our opinion it provides convenient and suitable combined views for patient data and CIGs. In the following section we outline our approach for the integration of compliance information into these views.
CONCEPTS OF DESIGN
Integration of compliance information in the CareCruiser prototype was a challenging task, the attention of the medical expert performing the analysis has to be focused on important aspects without hiding the underlying data. Information about compliance has to be integrated in a consistent manner, avoiding to overwhelm the user with too much information and aiming to help the user to identify important information quickly. We tried to solve this by different means (see Figure 1 ), considering the following aspects:
Transparent overlay and highlighting in patient parameter views: We apply abstraction of parameters into categorical classes (normal, low, and high), in order to visualize them as overlay in the raw patient data visualizations. This technique is meant to increase the speed of critical value identification, while preserving the information of the raw data view. The same is true for highlighting, emphasizing invalid/valid action time points and intervals, during which the execution of an action is missing. Highlighting can be activated or deactivated separately and aims to focus the attention on important time points or time spans.
Intervals of Missing Action Application: The repeatedly executed plans for ventilation (containing actions applied with a short time delay) can generate a lot of individual missing actions; aggregating them into a missing interval helps avoiding visual clutter. Furthermore the exact time point of action application (between minimum and maximum delay) depends on user choice. Using intervals therefore also helps to cope with this indeterminism on conceptual level.
Different types of actions: Defining action types regarding CIG compliance (valid, invalid, or missing actions) allows to aggregate information. Details for a certain instance are omitted and one can concentrate on overall guideline compliance from a higher point of view.
Higher level aggregation in the structural plan overview : Aggregated compliance information for plans, subplans, and actions is integrated in the guideline structure view. It aims to give a quick overview for analysis tasks, which do not require the inspection of temporal relations between actions or parameters.
Example Guideline: Artificial Ventilation of Neonates
As an example, we refer to a guideline about artificial ventilation of newborn infants. We have used this specific guideline to compute compliance with a CIG and to visualize the results of this process. The overall intention of the guideline is to ensure the oxygen supply of the patient by applying a pressure gradient to the lungs. During this process the oxygen saturation (SO2) and the partial pressure of carbondioxide (PCO2) has to be kept within the normal range.
The guideline semantics can be separated into the initial phase and the phase of active ventilation. These phases are represented by two plans on top of the plan hierarchy, delegating specific task to their subplans. Each subplan of the initial plan is meant to initialize a certain parameter of the ventilation machine (depending on the patient state), related to the applied pressure (PIP, PEEP), to the fraction of oxygen in the air (FIO2) and the frequency of ventilation. The initial plans and the atomic clinical actions contained within them (initialization actions) have to be applied in sequential order. The controlled ventilation plan starts after the initial plan, and tries to stabilize SO2 and PCO2 values by applying two subplans. The plan handling the PCO2 parameter adjusts the ventilation frequency if the values are out of normal range (and this adjustments are repeated as long as the parameter does not return to normal range). The SO2 values are handled by a similar plan, which adapts the oxygen level (FIO2). The graphical representation of this plan is visible on the left of Figure 4 . The abort condition on top (red) is fulfilled as soon as one of several parameters exceeds a critical value. The intentions beneath model the goals of the treatment (stabilize the SO2 parameter in a certain range). The if-then-else branch (conditions framed by hexagons) selects one of two mutually exclusive actions (framed by a rectangle). The first action (increase fraction of oxygen) is applied , if the oxygen saturation is below a certain value, the other action (decrease oxygen) is applied in the opposite case. Actions applied during treatment and actions defined in plans have to be distinguished: Action instances are actual executed actions, an action defined in a CIG can therefore be instantiated multiple times during treatment. The plan is executed repeatedly according to a minimum and maximum delay time, as defined in the parent plan. The ventilation stops if either the conditions for plan completion or the conditions for aborting the plan get fulfilled.
Action Compliance with a CIG
Compliance in our contribution is checked on the level of (atomic) clinical actions, executed by a care giver (or by a machine). The actions prescribed by the guideline are checked against the user executed actions. Compliance checking represents the analytic component of our system, this is done on the basis of an imperative algorithm developed for the prototype. Contrary to usual data preprocessing in the field of information visualization (applies transformations based on raw source data), our approach also involves additional processing steps, requiring high level knowledge as represented by a CIG. This CIG data is used together with patient observation and treatment data to enrich the visualization according to the mantra of visual analytics "Analyze First-Show the important-Zoom, Filter and Analyze Further-Details on Demand" [16, p.82] . We define three types of different actions according to CIG compliance:
• Valid Action: The executed action is compliant with the guideline and applied correctly.
• Invalid Action: An action has been applied during the treatment, but should not have been applied according the guideline. Executed actions with no equivalent in the guideline are automatically defined as invalid actions.
• Missing Action/Missing Action Interval : An action should have been applied, but is missing in the execution. In case of an interval, these are time-spans, during which an action should have been applied (repeatedly), but was not applied.
Computation of compliance is handled differently for the initial plans (containing sequential actions) and the ventilation plans (executed repeatedly).
Initial plans and their actions are applied sequentially, this means that they have to be applied in the correct order (if they are logged as applied at the same time point, it is assumed that they are applied in the correct order). An action is considered to be valid if it is executed in the right order and the action condition is true. An invalid action is an action that has been applied although its conditions have not been fulfilled (parameter propositions do not hold), or an action that has been executed, although later actions have already been applied. A missing action is generated if a later action is applied and the action has not been applied before.
The ventilation plans are repeated according to their minimum and maximum delay.
• An action is regarded as valid if the conditions for the action are fulfilled (parameter below the threshold or above the threshold) and if it is applied after reaching the minimum delay, i.e. if the temporal distance to the previously applied action of the plan is equal or greater than the minimum delay.
• An action is considered to be invalid, if their conditions do not hold, or if it is applied before the minimum delay is reached.
We define intervals of missing actions instead of individual missing actions (time points) for repeating ventilation plans. An interval representing the missing application of an action starts as soon as the following is fulfilled:
• The maximum delay has to be reached (the temporal distance to the previously applied action is greater than the maximum delay).
• The conditions for action application are true (but no valid action is applied)
A missing interval is closed if the conditions are not fulfilled anymore, if the corresponding action is applied, or if the abort or complete condition gets fulfilled. The number of missing actions can be estimated from the intervals (e.g., dividing the interval time span by the maximum delay time).
Visual Encodings for Plan Execution
The treatment of a patient and the observation data recorded in course of it are often time-oriented. The plan execution view shows the actual executed actions (the treatment the patient has undergone) and time is mapped to the horizontal axis. We extended this temporal view to encode information about action compliance (see Figure 2 ). Valid actions (actions applied correctly during treatment according to the guideline) are represented by diamonds filled with color encoding the CIG action ID of the instance. Invalid actions (not applied accordingly) are marked with an "X", metaphorically stating that they are forbidden by the guideline. Time spans (intervals, during which the execution of an action is missing) are represented as two connected upper and lower parallel bars, leaving enough space for actions that might occur at the same time. The use of intervals instead of the generation of individual missing actions has several reasons. Repeating plans with a short delay time (e.g., a few seconds) can lead to a lot of missing actions (even for short time spans of missing action execution) and visual clutter. Aggregation into intervals avoids this issue. The other reason is that the exact time point of valid action execution is depending on user choice (the action can be applied anytime in the interval between the minimum and maximum delay). Individual missing actions generated for the visualization would only represent one possible solution. Furthermore we adapted tooltips to display additional information for the current element; counts for action instances having the same ID and compliance type (e.g., invalid) can be inspected this way.
Abort and Complete Conditions
The execution of the ventilation plans is halted as soon as complete or abort conditions are fulfilled (parameters are above or beneath a certain threshold). The semantics of abort and complete conditions are different, the former means that the plan failed, whereas the latter means the plan finished successfully. On the execution level the results (2) is shown. The action for adjusting low oxygen saturation is missing for the whole duration of the execution in the first plan (connected upper and lower bars in blue color, the plan is represented by the grey background). The other plan (2) has some time spans, during which the action for adjusting low values is missing (bars in yellow color). As soon as the valid action is applied (yellow diamond) (4), the missing interval ends (3). A new interval starts afterwards (6), because no valid action has been applied, although the parameter is still beneath normal range. Actions without an equivalent in the guideline (5) are automatically marked as invalid actions (diamonds marked with "X"). are the same, as the plan(s) are halted as soon as the condition is true, for compliance checking this means that all subsequent actions are set to invalid and open missing action intervals are closed. We encode this transition to abort or completed state by altering the background color of a plan in the execution view. Red coloring for aborted state and green coloring for completed state are used to mark the time span of halted execution, from the beginning of the abort or complete state transition until the end of execution (see Figure 3) . The colors used to mark the duration of abort (red) and complete plan (green) states correspond to the color of conditions in the logical detail view.
Parameter View Integration
Measured patient observations and applied clinical actions are usually closely related to each other. Analyzing compliance with a CIG therefore requires to integrate views for patient data, which is often numerical and updated frequently. We visualize the abstraction of numerical values into three categories (normal, high, low) as overlay (see Figure 4 on the right). The visual abstraction allows to identify immediately if a value is above or below normal range. The abstraction is not fully opaque and also allows seeing the parameter dot plot shining through. It is intended to support cognitive pattern recognition without hiding the details of the under- (2) lying data. Treatment actions of the two ventilation plans (monitoring the PCO2 and SO2 parameters) are applied as soon as values get out of range. As soon as values for PCO2 or SO2 fall into abstracted high or low categories, this goes hand in hand with the application of an action belonging to the corresponding plan (see Figure 4) , this has the intention to assist in the detection of critical values and to help to see at one glance, if action execution is required.
Treatment, patient observations, and CIG compliance are closely coupled with each other. Highlighting of valid and invalid action time points is therefore supported in the associated parameter views: The analyst can directly see the consequences of valid or invalid action execution in the patient parameter view. This has been designed to make it easier to analyze the relationship between compliant/noncompliant action execution and parameter values. By applying this kind of highlighting, we try to prevent that experts have to switch between parameter and plan execution view too often during inspection. The type of action compliance (invalid or valid) is mapped to a transparent shape marking the parameter value (might be interpolated if no measurement is available for a specific time point) occurring at the highlighted action time point, and to the color. The purpose of the vertical bars is to help in the quick identification of executed action time points together with the parameter values related to them. Figure 5 shows an example execution in the parameter view, with highlighting activated for valid and invalid actions and missing action intervals.
Highlighting of missing action intervals has been designed to support the user in the identification of associated parameter values. The corresponding time span is highlighted inside the rectangle encoding the abstraction (see Figure 5 on the left), which means the occurrence of critical values together with absence of the appropriate actions is distinguishable from guideline compliant treatment during critical patient states. The progression of parameter values without the proper action applied can be examined inside the highlighted area and assist in analyzing how seriously the absence of the action influences the patient state.
Aggregation of Compliance Analysis Results
Specific analysis tasks which do not require further ex- ploration of time dependent patient data are supported by additional visual cues. We provide an overview of valid, invalid and missing action counts (estimated from missing intervals) by mapping them to a stacked bar. Color coding is used for the compliance type using the same colors as for highlighting inside the parameter views. A horizontal stacked bar shows the proportion of counts for an action compliance type in relation to the total count. Without referring to quantitative information, one can quickly estimate the proportion of counts in relation to each other, in addition the exact counts are provided by a legend belonging to the bar. In order to avoid that high counts for a certain compliance type take up to much space and to keep the other counts visible, it is possible to use a square-root (instead of linear) scale for the counts. The overall counts for the whole execution are displayed in this way in a view on the bottom, additionally containing patient demographics and settings for highlighting and bar scaling (see Figure 1c) .
Integration into Guideline Structure View
CIG guidelines and treatment recommendations in general can consist of different sub units. The test guideline used in course of this project is formulated in the Asbru plan representation language, allowing guideline specification and decomposition into a set of skeletal plans, which can consist of sub plans. CareCruiser already provides a separate view, giving an overview of the guideline structure. It shows the hierarchical relationship of the plans contained in the guideline and the actions belonging to the guideline, as well as actions executed during treatment although they do not belong do the guideline. We used this structural view of the guideline to integrate information about aggregated valid, invalid and missing action counts for each plan and atomic actions. Compliance can be analyzed for each unit of the guideline by inspecting the aggregated counts. For an action this means that only valid, invalid or missing action instances with the corresponding action ID are counted, whereas for plans this means that the counts of all actions in the plan itself and for all actions contained in his subplans are aggregated together. Altered tooltips show an enlarged version of the stacked bar for the selected unit (see Figure 7) . Miniature versions of these bars are rendered beneath each action (see Figure 6 ). They are intended to give a quick impression of the overall action compliance and to enable to see if an instance of an action e.g., has been applied invalid once in the execution.
CASE STUDY
We conducted a user case study with a medical expert (resident physician in neurosurgery), focused on gathering qualitative feedback and suggestions for future refinements. We were interested how an expert uses such a system, if he understands the visual metaphors represented in the system and is able to identity relevant patterns. Our approach for the case study oriented on evaluation methods used in usability testing [21] , information visualization [18] and on the methodology applied for user test sessions with CareCruiser [15] , in these sessions user tests were performed with domain experts and interviews have been conducted afterwards. The first stage of our methodology consists of a user test, relying on observation and the thinking aloud method (user is asked to continuously express his thoughts). The interview is scheduled after the test, consisting of questions about the users impression, advantages and drawbacks in his opinion, and the request for comments and suggestions.
We first introduced the physician to the procedure, context, and purpose of our case study. Furthermore the guideline semantic was quickly covered and the physician was given the opportunity to explore the main interface and interactions of CareCruiser and the modified prototype for a short amount of time (to get an overview of the interaction mechanisms and the interface). We prepared a list of simple tasks for the physician, the tasks focus on evaluation goals related to information visualization systems, like the users comprehension and understanding of visual elements/metaphors. Two examples for this tasks are:
1. How often has the adjust tcSO2 high action been applied validly? (Achieve this by using the plan execution view and locate the corresponding values in the parameter view.) 2. Find out, if the adjust tcSO2 low action has been missing at least once, and/or has been applied validly at least once, and/or has been applied invalidly at least once.
The tasks were designed to cover all functionality and visual mappings introduced into the prototype. The physician managed to solve most of the tasks without problems. Difficulties occurred when he was asked to use the guideline structure view to seek aggregated counts for the initial plan: It seemed that he was not aware of the plan hierarchy in the guideline structure view and had difficulties identifying the correct plan. This might be avoided in future versions by making the meaning of the hierarchical elements more obvious (e.g., by labeling). Despite these issues, the miniature bars rendered beneath the action in the guideline structure view seemed to help to quickly identify if an action is missing. Solving tasks related to the temporal views (parameter and plan execution) seemed to work intuitively for the physician most of the time. Identifying valid actions in the temporal plan execution view and relating them with parameter values was quickly achieved by the test user. When he worked on identifying invalid guideline actions, he was not sure, which invalid actions belonged to the guideline and which were not in the guideline, this implies that he had problems with distinguishing them visually from guideline actions. Highlighting and encoding of missing intervals seemed to be understood intuitively, as he managed to accomplish related tasks very quickly.
The physicians' impression of the parameter and plan execution view modifications was very good, as he pointed out in the subsequent interview. Considering the highlighting he pointed out that "it is good to see the carried out actions and what they cause, to see the time of an event and the resulting consequences". He remarked that he would like labels in the plan execution view (e.g., inside a missing action interval) and for live systems he suggested hint boxes/messages containing cues like to increase a certain parameter. He stated that the visualization of compliance in the overview is generally useful, especially for offline analysis in his opinion. The interview as well as the usage observations within this case study showed that parameter view highlighting and the representation of invalid, valid, and missing action counts for the whole treatment seemed to be especially intuitive and useful for the physician.
CONCLUSION
We present a novel approach for integrating information about executed treatment compliance with a CIG (Computer Interpretable Guideline) into views for patient data and guideline structure of CareCruiser [14] . We combine analytical methods to determine compliance and visualization of the results. We suggest an action based definition of CIG compliance, as well as visual encodings and mappings for the generated information. Our approach was driven by the following main design ideas: abstraction of high frequency parameter data, highlighting of important time points and intervals, and aggregation of data and action counts to provide a quick overview.
A user case study was conducted with a physician. The presented prototype was generally appreciated; suggestions and found issues give input for further improvements. It turned out that most of our visual encodings are useful and help to identify relevant patterns quickly. Adaptation of the plan overview, like labeling, might help to emphasize the meaning of the elements in future versions. In addition tighter visual separation will be considered between actions that do not appear in the guideline and actions that are included in the guideline, but are incorrectly applied. Moreover, possible adaptations of interface color schemes will be investigated. Representative user studies gathering more data need be conducted in the future to gain further insights. Future work in general might focus on the visualization of different definitions of compliance or on finding additional means for the visualization of guideline adherence on various levels of abstraction.
